A photocurrent was applied to a Sb 2 SeTe 2 topological insulator nanosheet at a wavelength of 325 nm, and it exhibited extremely high performance such that the responsivity and photoconductive gain are 354 A W À1 and 1531, respectively, at a bias of 0.1 V. This photoresponse is orders of magnitude higher than most reported values for topological insulators and two-dimensional transitional metal dichalcogenides. The photoresponse is linear with the applied voltage. Responsivity and gain under vacuum are higher than that in air by a factor of 2.5. This finding suggests that the Sb 2 SeTe 2 topological insulator nanosheet has great potential for ultraviolet optoelectronic device applications.
I. Introduction
A system with a high surface area domain carrier and high carrier mobility is expected to be able to play a role in photodetecting applications. In addition to nanowires that possess a high surface-area-to-volume ratio, two-dimensional materials with high carrier mobility, such as graphene and graphenebased heterostructures, have attracted signicant attention for their photoresponse-related application potential.
1-3 However, their gapless structure and limited light absorption ratio prevent them from exhibiting efficient photocarrier separation or accumulation. This leads to poor performance in their photoresponsivity and photoconductive gain. [1] [2] [3] [4] To overcome this drawback, the integration of graphene and two-dimensional transitional metal dichalcogenides (TMDs) with a band gap appears to be a more promising approach. [4] [5] [6] [7] The reported results reveal that graphene-MoS 2 and graphene-WSe 2 hybrid structures have achieved extremely high performance in photoresponsivity and photoconductive gain.
5-7
3D topological insulators are promising materials due to their insulating bulk state and gapless conducting surface state induced by the strong spin-orbit interaction. 8, 9 The insulating bulk state plays a role in photocarrier separation and accumulation. The linear dispersions in the surface state reveal an extremely high carrier mobility. This peculiar band structure in the topological insulator is similar to the proposed band structure in the graphene-MoS 2 and graphene-WSe 2 hybrid systems, [5] [6] [7] and is expected to result in a high photoresponse. Several experimental works were performed on different topological insulators, which exhibited various kinds of characteristics that are expected to be able to be used in a wide range of applications. [10] [11] [12] [13] [14] [15] [16] [17] [18] It has come to our attention that most photocurrent experiments have mainly focused on the application of visible and near infrared light to topological insulators, graphene-topological insulator heterostructures and 2D TMDs. Work with ultraviolet light is relatively rare, and the reported photocurrent performance is low.
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In this paper, we applied a photocurrent to a Sb 2 
II. Experimental method
Sb 2 SeTe 2 single crystals were grown by a homemade resistanceheated oating zone furnace (RHFZ). The starting raw materials of Sb 2 SeTe 2 were mixed according to the stoichiometric ratio. At rst, the growth temperature was increased to 620 C. The temperature was kept at 620 C for 15 hours to let the raw material melt. The growth temperature was decreased from 620 C to 580 C at a rate of 1 C h À1 . Finally, the material was naturally cooled down to room temperature in an evacuated quartz glass tube. The material was used as a feeding rod for the following RHFZ experiment. Aer growth, the crystals were then furnace cooled to room temperature. The as-grown crystals were cleaved along the basal plane, with a silvery shining mirror-like surface, and then prepared for further experiments. The EDS and XPS spectra support the fact that the crystal is Sb 2 SeTe 2 .
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The Sb 2 SeTe 2 nanoakes were obtained by exfoliating bulk crystals using dicing tape and were then dispersed on the insulating SiO 2 (300 nm)/n-Si templates with pre-patterned Ti/ Au circuits. Two platinum (Pt) metal contacts were subsequently deposited on the selected Sb 2 SeTe 2 akes using the focused-ion beam (FIB) technique. The thickness was about 181 nm and the surface area was approximately 1.18 mm 2 . As shown in Fig. 1 , two Pt contacts were deposited on the sample for the photocurrent measurement. The current-voltage curve shows a linear dependence that supports the ohmic contacts in the sample. The conductivity is approximately 33.7 s cm À1 . Fig. 2 shows a schematic diagram of the nanosheet device illustrating the photoelectrical measurement setup and light illumination.
A He-Cd UV laser with a wavelength of 325 nm was used as an excitation light source for the photoconductivity measurement. An optical diffuser was used to broaden the laser beam size ($20 mm 2 ) to uniformly illuminate the conduction channel of the nanosheets for the steady-state photocurrent measurements. The incident laser power was measured by a calibrated power meter (Ophir Nova II) with a silicon photodiode head (Ophir PD300-UV). The leakage current of the SiO 2 /Si template chip is of the order of 0.1 nA at a bias of 1 V. The leakage current is several orders of magnitude lower than the total measured current under UV light illumination.
III. Results and discussion
The inset of Fig. 3 shows the measured current of our Sb 2 SeTe 2 nanosheet under light illumination with different powers of light. It clearly shows that the photocurrent increases with increasing light power. Fig. 3 shows the extracted photocurrent as a function of the light power intensity from 40 to 400 W m À2 at a bias of 0.1 V. To quantitatively analyze the relationship between the photocurrent and light intensity, the photocurrent was tted by the simple power law relation, I P ¼ AP q , where A is a constant for a certain wavelength, P is the power intensity of the light which is illuminated on the device, and q is a constant that is related to the photosensitivity of the device. As shown in Fig. 3 , the experimental data ts well with the power law relation, and the tting result gives q z 0.82. This non-integer exponent can be regarded as a consequence of a complex process of electron-hole generation, trapping and recombination with the topological insulator.
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To quantitatively determine the performance of the Sb 2 SeTe 2 nanosheet under light illumination, the responsivity, R, and the photoconductive gain, G, are calculated through the relation: Fig. 3 The measured photocurrent, as a function of light power intensity, which can be well described by the simple power law relation. The bottom-right inset shows the photocurrent at different powers of illuminating light.
where I P , P, S, h, c, e, h and l are the photocurrent, light intensity, effective area, Planck's constant, light velocity, electron charge, quantum efficiency and wavelength, respectively. The photoconductive gain is proportional to the responsivity at the same wavelength. The quantum efficiency can be expressed as h ¼ 1 À e Àat , where a is the optical absorption coefficient and t is the sample thickness. The optical absorption coefficient is determined by the material and the light wavelength. According to the previous experimental report, the calculated h is approximately 0.88 for a Sb 2 SeTe 2 single crystal with a thickness of 81.7 nm at a light wavelength of 325 nm. 27 Theoretically, if the photocurrent (I P ) linearly depends on light intensity, R is a constant because R $ I P /I. According to the sub-linear I P versus I relationship in Fig. 3 (I P $ I 0.82 ), it is expected that R will decrease with an increase in intensity following R $ I 0.18 . The weak dependence of R and I is somewhat similar to the hole trapping mechanism in an n-type semiconductor. and 2D TMDs.
31-41
There are several possible mechanisms that lead to the observed responsivity and gain in our Sb 2 SeTe 2 topological insulator being several orders of magnitude higher than most reported values for topological insulators 12, [28] [29] [30] and 2D TMDs. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Following the standard model, the photocurrent is directly related to the carrier transit time that might be expressed as s ¼ l 2 /mV sd , where s is the carrier transit time, l is the device length, m is the carrier mobility, and V sd is the applied bias. The detected photocurrent is proportional to the carrier mobility and the applied bias.
An extremely high photoresponse has been observed in various kinds of graphene-TMD hybrid structures. [5] [6] [7] The theoretical calculation reveals that the Dirac point lies within the gap of the bulk state, 42 and our previous work supports the fact that the Fermi level lies below the Dirac point in our Sb 2 -SeTe 2 topological insulator. 26, 43 This band structure of the Sb 2 -SeTe 2 topological insulator is similar to the graphene-TMD hybrid structure. The energy of the light at 325 nm is much larger than the band gap of the bulk state; thus, the photons can easily generate electron-hole pairs. As shown in Fig. 5 , the carriers in the valence band of the bulk state contribute to the conduction band of the bulk state through light assistance. The optic-induced carriers from the bulk state could partially contribute to the surface state with a linear dispersion band structure. 25 Our previous work supports the fact that the surface state carrier mobility of our Sb 2 SeTe 2 topological insulator is approximately 55.5 cm 2 V À1 s À1 .
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On the other hand, a topological insulator surface is quickly oxidized aer it is exposed to the atmosphere. The surface condition strongly inuences the carrier transport properties in low dimensional systems. The surface oxidation diminishes the topological insulator surface state and/or distorts the band structure. This surface oxidation reduces the effective carrier mobility. Our previous work revealed that the surface state carriers of our Sb 2 SeTe 2 sheet are tolerant to surface oxidation that might come from unavoidable pollution during the fabrication process and experimental performance. 26 This leads to less effective defective materials that would combine with the surface electron transport properties in our Sb 2 SeTe 2 sheet.
Detectivity, which determines how weak irradiation can be distinguished from noise, is another important index used to characterize the performance of photodetectors. The specic detectivity (D*) is calculated through the relation: where R, S, q, and I d are the responsivity, effective area of light illumination, electronic charge, and dark current, respectively. Using the experimental data, the detectivity is determined to be 5 Â 10 9 Jones. This value is close to the reported values for a Bi 2 Se 3 topological insulator nanowire, 28 and larger than the values for a Sb 2 Te 3 topological insulator thin lm at room temperature.
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In addition to reducing the effective surface area, the adsorbed molecules on a topological insulator surface might create a local potential barrier that will bend the band structure and further inuence the effective carrier mobility. The physical adsorbed molecules on the material's surface would directly lower the effective light illumination area, carrier transition time and carrier mobility. In order to optimize the intrinsic optoelectronic characteristics of the Sb 2 SeTe 2 nanosheet, the photocurrent was applied in bias-dependent and vacuum environments. Both the responsivity and gain are directly proportional to the photocurrent. As shown in Fig. 6 , both the responsivity and gain were linear with the applied bias. Furthermore, both the responsivity and gain were enhanced under vacuum. Our experimental results show that both the responsivity and gain under vacuum were larger than those in atmospheric conditions by a factor of 2.5.
The responsivity versus wavelength (i.e. PC spectrum) measurement was conducted for the Sb 2 SeTe 2 nanostructures. However, the intensity of the monochromatic light emitted from our monochrometer equipped with a Xe lamp light source is not high enough to generate a denable photoresponse, so we failed to get a successful PC spectrum. Nevertheless, to obtain information about the wavelength-dependent photoresponse, we conducted the photoresponse measurement using lasers as the light source. The light intensities for the different wavelengths were all controlled at the same value of 10 W m À2 and the photocurrents were normalized using the value at 325 nm. The result shows that the Sb 2 SeTe 2 nanostructure has a better response to UV light than visible light. To see the responsivity ratio of UV light to visible light, responsivity values are also normalized using the value at 325 nm. The ratios of R(532 nm)/ R(325 nm) and R(633 nm)/R(325 nm) are 82% and 58%, respectively.
IV. Conclusion
A photocurrent was applied to a Sb 2 SeTe 2 topological insulator nanosheet at a wavelength of 325 nm. It exhibited extremely high performance, and the responsivity and photoconductive gain were 354 A W À1 and 1531, respectively, at a bias of 0.1 V.
This high photoresponse is orders of magnitude higher than most of the reported values for topological insulators and 2D TMDs. The photoresponse is linear with the applied voltage. The responsivity and gain under vacuum are 2.5 times higher than those in air. This nding suggests that the Sb 2 SeTe 2 topological insulator nanosheet has great potential for ultraviolet optoelectronic device applications. Fig. 6 The responsivity and photoconductive gain are both linear with the applied bias in air and under vacuum. The responsivity and photoconductivity under vacuum are 2.5 times higher than in air.
